Loaded carbon composite scarf joints subject to impact by Feih, Stefanie et al.
5th Australasian Congress on Applied Mechanics, ACAM 2007  
10-12 December 2007, Brisbane, Australia 
Loaded carbon composite scarf joints subject to impact 
 
Stefanie Feih1, Andrew J. Gunnion2, Henry C.H. Li1 and Israel Herszberg2  
 
1School of Aerospace, Mechanical & Manufacturing Engineering, RMIT University, GPO Box 2476V, 
Melbourne, Victoria, 3001, Australia 
2Cooperative Research Centre for Advanced Composite Structures Limited 
506 Lorimer Street, Fishermans Bend, Victoria, 3207, Australia 
Abstract: Bonded composite scarf repairs are often used when a flush surface is required for 
aerodynamic or stealth reasons. Such repairs on the external surface of an aircraft are subject to the 
same impact risk as that of the parent structure. Consequently, it is essential to assess their durability 
in the case of impact. A previous preliminary experimental study found an instance of catastrophic 
failure of a composite scarf joint subject to impact whilst prestrained to 3000 µε. It was postulated that 
this phenomenon is a result of failure in the joint due to the combination of the prestrain and global 
structural oscillations resulting from the impact event. In this investigation, a previously applied finite 
element model is extended to more accurately replicate such catastrophic failure. The effect of lay-up 
sequence on adhesive failure is studied.  
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1 Introduction 
Bonded composite patches are often used as an economical repair strategy to restore the strength of 
aerospace structures subsequent to damage. This may be in the form of scarf repairs in the case 
where there is a requirement for a flush surface, or external patch repairs when the surface condition 
is not critical. Scarf repairs are commonly implemented for maximum strength recovery, with additional 
external overplies to improve damage tolerance, unless extreme surface flushness is required (e.g. for 
stealth or aerodynamic considerations). Significant cost savings may be realised compared to the 
alternative of component replacement.  
Bonded repairs on the external surface of an aircraft are subject to the same impact risks as those of 
the parent structure. Consequently, an understanding of the impact response and tolerance of such 
repairs is essential to enable the assessment of their effectiveness and durability. 
The impact resistance of polymer composite structures has been a topic of intensive investigation over 
many years, which has been reviewed by Abrate [1] and Reid et al. [2]. Most of the studies reported in 
the literature, of impact on composite structures, have been conducted with the impact taking place on 
unloaded structures. This however, does not truly represent events likely to be encountered in real life, 
such as impact by runway debris, hailstones and bird strikes. In the limited literature on the impact of 
prestrained composite structures, it has been reported that catastrophic failure was found to occur in 
cases when panels were impacted at levels which, when applied to the unloaded panels did not 
reduce significantly their residual strength [e.g. 3]. 
Preliminary results for an experimental study of impact on scarf joints, representative of scarf repairs, 
have been reported elsewhere [4]. In one instance in particular, it was found that catastrophic failure of 
the joint occurred at a prestrain of about 3000 µε. It was postulated that the phenomenon of 
catastrophic failure due to impact on structures loaded to moderate strain levels, is not a function of 
local damage due to impact but it is a result of the combination of the prestrain and the global 
oscillations, caused by the impact, exceeding allowable strains. 
Previously, a finite element (FE) analysis was undertaken, where the adherends were modelled as 
homogeneous orthotropic materials and failure was allowed to occur only in the adhesive layer 
represented by a cohesive material degradation model [5]. This paper extends the FE modelling 
approach and emphasises the importance of accurately modelling the ply-stacking sequence in the 
case of composite adherends. Previous experimental results are summarised and presented with 
results from the FE analysis which predicts the occurrence of catastrophic failure under particular 
loading and impact conditions. 
  
2 Experimental Work 
Impact tests were conducted on plain composite panels and panels incorporating a 5o full-width scarf 
joint in their middle. The tests were conducted at various specimen preloads to produce prestrains 
ranging from 0 to 3000 µε (nominal). The specimens, supported only in the grips of the test-rig, were 
impacted at their centre point with a impact energies up to 17 J. A schematic of the scarf joint test 
specimen is shown in Figure 1. 
A quasi-isotropic carbon/epoxy panel was 
used as the subject of this study. The material 
used was the Cycom T300/970 prepreg 
system with a ply thickness of 0.2 mm. The 
16-ply lay-up sequence was [45 90 -45 0]2s 
which yielded a nominal panel thickness of 
3.2 mm. The dimensions of the test panels 
were 100 mm wide by 200 mm long. The 
scarf joint  
specimens were machined to produce a 5° 
scarf which was bonded using FM73 film 
adhesive with a nominal thickness of 
0.38 mm, cured at 120°C for 2 hours under a 
vacuum bag. 
 
Impact testing was conducted under a tensile preload applied to the test specimens along the length 
direction via friction grips, each extending over 30 mm of the specimen length. The specimens were 
supported only at the grips leaving an unsupported region of 100 mm by 140 mm. The specimens 
were impacted at their centre with an impactor of mass 305 g with a 12 mm spherical tup. Impact 
energies up to 17 J were employed, with a corresponding incident momentum of 3.35 kg m/s. The 
tensile preload varied so as to produce a maximum strain of 3000 µε. 
 
Preliminary results showed that catastrophic failure may occur during impact under some conditions. 
One specimen failed catastrophically at a prestrain of 3000 µε at an incident momentum of 
2.62 kg m/s, while a second specimen when impacted at the same prestrain with a velocity of 
2.80 kg m/s suffered only minor local damage. Further tests are currently being conducted to 
experimentally explore the conditions of prestrain and impact velocity leading to catastrophic failure.  
 
3 Design Considerations 
The axial stress in the adherend σx can be related to the average adhesive shear stress τav by: 
θθ
τ
σ
cossin
av
x =  (1) 
Using the room temperature allowable for FM-73 (Table 2) of τmax = 32 MPa, the scarf joint specimens 
described in Section 2 (θ = 5º) should fail at 368 MPa (or 7800 µε), which agrees very well with the 
experimental data from two static tests [5].  If the joint was designed only for room temperature 
environments, the maximum strain the structure should ever experience in service (assuming a typical 
safety factor of 1.5) should not exceed 5200 µε.  Therefore, this level of strain represents the 
maximum level of pre-strain that should be investigated for such a joint. 
 
However, for repair to the current high performance military aircraft, the critical condition for repair 
design is 104ºC for thick primary or thin-skin structure, and 82º for composite substructure, both with 
1% moisture absorption prior to repair [Baker et al].  From the experimental data available for FM 73, 
the adhesive shear strength decreases from 32 MPa at room temperature to around 22 MPa 
(average) at 82ºC/wet [6].  Assuming a design allowable of τmax = 18 MPa, the maximum σx that the 
scarf joints described in Section 2 (θ = 5º) would be expected to endure reduces to 207 MPa, or 4400 
µε.  As this strain level must represent the design ultimate strain, the maximum strain that the structure 
should ever experience in service would fall below 3000 µε.  If this analysis was extended to take into 
consideration the stress concentrations along the bondline resulting from the ply stacking sequence, 
Figure 1: Schematic of scarf joint specimen 
installed in friction grips 
  
even allowing for the adhesive plasticity, the design strain levels would be reduced further [7].  To truly 
represent the critical conditions for impact on a joint designed under this condition, the tests and 
analysis should be repeated at elevated temperature, where the adhesive behaviour is significantly 
different from the room temperature behaviour.  This may be investigated in future work. 
 
4 FE Model 
An advanced FE analysis was undertaken to examine the conditions of prestrain and impact velocity 
leading to catastrophic failure and to determine the residual strength for those conditions where 
catastrophic failure does not occur.  Abaqus 6.7 Standard and Explicit were used for the results 
presented in this paper. To simplify the model, damage was only allowed to occur in the adhesive. The 
influence of stacking sequence on the impact damage was investigated. All analyses were run by 
including nonlinear geometric effects and material degradation for the adhesive. 
4.1 Adherends 
The scarf joints were modelled with (1) homogeneous orthotropic adherends and (2) ply-by-ply 
resolved adherends. A 3-D composite damage model is currently not available in Abaqus, which 
means that composites ply-by-ply damage cannot be observed with either approach. However, 
catastrophic impact damage occurs by adhesive failure, and this failure mode needs to be captured 
accurately. Table 1 presents the orthotropic (as calculated for the [45 90 -45 0]2s lay-up) and ply-by-ply 
adherend properties. The lay-up is quasi-isotropic, which results in the same properties for the in-
plane directions. The material data are based on Cycom T300/970 properties obtained from the 
manufacturer’s data sheets. 
                Table 1. Adherend material properties 
This approach of using orthotropic 
adherends does not allow both the in-plane 
stiffness and the bending stiffness to be 
accurately modelled. For the orthotropic 
adherends, it was considered to be more 
important to correctly model the in-plane 
stiffness and so ensuring the correct 
modelling of the prestress in the bondline.  
The ply-by-ply model captures both effects 
accurately. In both cases the adhesive layer 
was modelled with 8-noded cohesive 
elements and the composite adherends 
were modelled with 6-noded Wedge and 
Hex elements.  
4.2 Cohesive model 
The adhesive layer was modelled with cohesive elements. Eight-noded 3-D cohesive elements within 
Abaqus [7] were used to model the adhesive layer. The cohesive model material properties presented 
in Table 3, were derived from the published experimental data for Cytec FM 73 [5,6,8].  
 
         Table 2. Cohesive material properties for FM 73 
The cohesive model parameters 
were verified against static tests of 
scarf-joints loaded to failure in the 
previous work [ICCM16].  
The mesh for the orthotropic 
adherends contained fewer elements 
than the mesh for the ply-by-ply 
approach. Over-meshing was used 
for the ply-by-ply approach within the adhesive bondline as the element size within the adherends is 
significantly smaller. Over-meshing is a versatile approach within Abaqus which allows for the mesh 
density of the adhesive to be different from the mesh density of the adherends; therefore the nodes do 
Material property Orthotropic Ply-by-ply model 
E1 [GPa] 47.1 120 
E2 [GPa] 47.1 8 
E3 [GPa] 8.30 8 
G12 [GPa] 17.9 5 
G13 [GPa] 3.85 5 
G23 [GPa] 3.85 2.7 
ν12 0.313 0.45 
ν13 0.262 0.45 
ν23 0.262 0.2 
Material property Value Material property Value 
KI [MPa] 2200 GIII [N/mm] 6.50 
KII [MPa] 805 σult, I [MPa] 55.0 
KIII [MPa] 805 σult, II [MPa] 32.0 
GI [N/mm] 3.00 σult, III [MPa] 32.0 
GII [N/mm] 6.50   
  
not need to coincide. A *TIE constraint is imposed on both interfaces between the adhesive bondline 
and the respective adherend; thereby assuming perfect bonding between the two. The mesh for the 
ply-by-ply approach is visualised in Figure 2(b). 
 
(b)(a)
Orthotropic Adhesive 45o 0o 90o 135o
Coinciding nodes Over-meshing required
 
Figure 2: Mesh for the (a) orthotropic adherends and (b) ply-by-ply approach with over-meshing 
4.3 Computational Details 
The commercial finite element code Abaqus 6.7 was used for the analysis. The adherends are 
modelled in detail and it is important to minimise the computation time. Consequently, the analysis 
was split into two steps. The preloading step is best modelled as a static event, and Abaqus/Standard 
was applied to introduce the varying pre-strain levels. The impact event is highly dynamic and 
complete failure of the adhesive layer may occur. This analysis stage was modelled with 
Abaqus/Explicit. The deformations and material states were transferred from Standard to Explicit 
between the steps. As some small oscillations in the stress state arose from the switch between 
solvers, some damping was introduced to the Abaqus/Explicit analysis by increasing the bulk viscosity 
to 0.6.  Comparisons were made between analyses with and without the additional damping to ensure 
that the global response of the panel under impact was not adversely affected.    
 
5 Results 
5.1 Preloading Results 
Figure 3 shows the 
comparison of the von Mises 
stress after preloading to 
ε=800µε within the adhesive 
layer. The x-direction is the 
pre-loading direction. All 
stress distributions have been 
normalised. It can clearly be 
seen that the lay-up of the 
adherends has a significant 
influence on the stress 
distribution within the 
adhesive layer during pre-
loading. Both Figure 3 (b) and 
(c) show the maximum and 
minimum stress at the 
location of the 0º and 
respectively, 90º plies. As 
expected, the stress 
distribution with the orthotropic 
adherends is more uniform 
than for the ply-by-ply lay-up. 
 
The most critical stress state was obtained for the case of adherends with the outer 0º plies as peel 
stresses and shear stresses overlap at the ends of the adhesive layer. However, no damage was 
introduced in the adhesive layer for pre-loading levels up to a pre-strain of ε=5000µε for all adherend 
configurations. 
Figure 3: Comparison of preloading shear stresses with (a) 
orthotropic adherend, (b) [45/90/-45/0]2s and (c) [45/0/-45/90]2s for 
a pre-strain of 800µε. σΜ,max=9.7MPa and σΜ,min=1.4 MPa 
(a) (b) (c)
x
y
  
(a) (b) (c)
x
y
Figure 4: Comparison of initial impact stresses with (a) orthotropic 
adherend, (b) [45/90/-45/0]2s and (c) [45/0/-45/90]2s for a pre-strain 
of 800µε and an impact momentum of 0.5 kg m/s.  
σΜ,max=10MPa and σΜ,min=1.47 MPa. 
 
5.2 Superposition of Pre-load and Impact 
Figure 4 clearly shows the 
result of overlapping the 
preloading state with impact 
stresses if no adhesive 
failure occurs. For the 
adherend lay-up with 0º plies 
in the centre, the contact 
stresses from the impactor 
overlap with the stress 
concentration. It should be 
noted that this effect only 
occurs if the impactor hits the 
adhesive layer exactly at the 
centre. The magnitude of the 
stresses during impact will 
therefore be sensitive to the 
exact location of impact. 
 
 
5.3 Impact Results 
The stacking sequence has a minor influence for pre-strains below 4000µε as the preloading stresses 
are small compared to the stresses introduced during impact. Figure 5 compares the reaction force 
history for a pre-strain of 1200µε for all three adherend configurations at an incident impact 
momentum of 3.8 kg m/s. Only small differences are observed in the damage pattern and the reaction 
force versus time history. The respective damage patterns are also similar as shown in the same 
figure. For the damage pattern, red indicates completely failed adhesive, while blue represents virgin 
material properties. It can be seen that the damage patterns become non-symmetrical for the ply-by-
ply approach as the tapered ends of the adherends are -isotropic once the adhesive begins to fail.  
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Figure 5: Reaction force – time history and respective damage patterns in adhesive 
For larger pre-strains above 4000µε, the influence of stacking sequence becomes more significant, 
especially if damage is introduced in the adhesive during pre-loading. Damage in the adhesive now 
develops along the stress concentrations introduced during the pre-loading stage. It is assumed that 
the stacking sequence will influence the conditions for failure in terms of pre-strain and incident 
momentum at this stage. This assumption will be further investigated in future work. 
  
Figure 6: Critical momentum boundary versus pre-strain 
(HT=82ºC, RT=room temperature) 
4.5 Design Chart 
 
A design chart was developed in 
accordance with the experimental 
work undertaken on the 5º scarf 
joint with the adherend lay-up of 
[45/90/-45/0]2s. The black squares 
identify boundary conditions 
leading to adhesive failure. 
Failure is defined by a completely 
failed adhesive layer [5].  Passed 
joints include all joints with partial 
adhesive failure. 
 
It can be seen from Figure 6 that 
the incident momentum for impact 
failure appears to remain 
constant for pre-strain levels 
below the Hot / wet design limit 
condition for this scarf angle. For 
higher pre-strain levels, a linear 
decrease in incident momentum 
for failure is observed. For the 
preloaded joints at 7000µε, adhesive failure is predicted during the static analysis part prior to impact 
loading. Failure events around this level of pre-straining need to be further investigated; however, 
these preloading conditions are generally not applicable in design as they are above the design limit 
for RT/dry conditions.  
5. Conclusion 
The numerical study in this report demonstrates the importance of considering pre-strain conditions for 
foreign body impact on 5º scarf joints without overplies loaded near the design limit. For low pre-strain 
levels, no significant differences were obtained for orthotropic versus ply-by-ply adherends. However, 
ply-by-ply analysis is required for future work to investigate the effect of impact damage in the 
composite adherends. This will require the development of a three-dimensional composite damage 
model in Abaqus. It is also proposed to investigate the effects of the scarf angle and overplies. 
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